Introduction
The demand for the output power of communication satellites has been increasing exponentially. The satellite power is generated from solar panels which collect the sunlight and convert it to electrical power. The power per satellite is limited due to the limit in the practical size of the solar panel. One way to meet the power demand is to employ multiple satellites (up to 10) per the internationally agreed-upon "slot" in the geosynchronous earth orbit (GEO).
However, this approach is very expensive due to the high cost of sending a satellite into a GEO
orbit. An alternative approach is power beaming, Le., to illuminate the solar panels with high power, highly-directed laser beams from earth [l] . The power beaming generates more power per satellite for the same area of the solar panel. The minimum optical beam power, interesting for power beaming application, is PL=200 kW. The wavelength is chosen to be h=0.84 pm, so that it is within one of the transmission windows of the air, and at the same time near the peak of the photo-voltaic conversion efficiency of Si, which is the commonly used material for the solar panels.
Free-electron lasers (FELs) are well suited for the power beaming application because they can provide high power with coherent wavefront, but without high energy density in media.
In this article we discuss some principal issues, such as a the choice of accelerator and electron gun, the choice of beam parameters (energy, emittance, peak and average currents etc.), radiation hazards, technological availability, and overall efficiency and reliability of the installation. We also attempt to highlight the compromise between the cost of the primary installation, the operation cost, and the choice of technology, and its maturity. We then present several schemes for the accelerator-FEL systems based on RF accelerators. The initial electron beam accelerator up to the energy of few MeV is more or less common for all these schemes.
2.

Critical Issues of Power Beaming
Evidently, the size and cost of the accelerator and FEL decreases with the beam energy.
A particularly attractive choice for the electron energy is below 10 MeV, which is below giant 2 resonance energy for most materials, thus allowing work in the radioactivity-free environment.
Although h=0.84 pm radiation can in principle be generated with such a low energy beam, using either Cerenkov, Smith-Purcell or transition radiation, these schemes seem not practical for a high power application because of the use of the medium. Two-stage FEL [2] appears the only promising option for a low-energy accelerator power beaming source, but its practical realization needs significant technological advances, for example, in a production of the intense and'low emittance beams. We will return to this concept for a brief discussion in an appropriate place of this article.
A more robust approach is to use a magnetostatic undulator for beam radiation. If we take a realistic undulator with the undulator parameter K21, gap 20.5cm and period 2lcm, then the electron beam energy should be 250 MeV. This energy is well above the energy of the giant resonance in most materials (E* = 12 -18 MeV) and, therefore, the deceleration of the electron beam below 10 MeV after the radiation is essential before it can be dumped. Additionally, any beam losses in the accelerator and FEL should be tightly controlled. This is especially challenging in the deceleration phase due to inevitable growth of the beam energy spread in the process of the radiation.
In order to get a sense about the level of acceptable losses, consider the following crude estimate of the induced radioactivity (activation):
where 6 =2x10-* is the ratio of the giant resonance cross section to the pair production cross section, and P, is the electron beam power. Assuming the efficiency of power conversion from the electron beam to the light q = PL / P,=l% and PL=200 kW, we find that the beam losses should be less than 10-5 to keep the level of the radioactivity acceptable for human maintenance (we assume a uniform loss deposition along 100 m of the accelerator and FEL). This requirement is similar to that in the high-power proton beam facilities [3] .
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The deceleration of the electrons after generating radiation makes an accelerator more complicated, but allows most of the electron beam energy to recuperate. This is important for the reasonable wall plug power efficiency of the entire facility.
There are a few options to consider when choosing the accelerator configuration: RF or electrostatic, room temperature or superconducting, and linac or racetrack microtron. With the beam energy 50-70 MeV, the RF linac should be superior to the electrostatic accelerator.
Superconducting cavities have higher installation cost than room temperature ones, but much less operation cost. However, a reliable and robust operation of the superconducting linac in the high peak and average current environment is less certain than operation of the room temperature linac. The racetrack microtron could be a good compromise because it has a shorter linac and therefore smaller operation cost even with room temperature cavities. However, the fact that the linac needs to be operated with a higher average beam current, and the necessity of the beam transport between passes complicates beam dynamics. The energy acceptance of the accelerator is an important issue; there is a direct connection between efficiency of the FEL and the requirement of the energy acceptance of the accelerator. The higher efficiency leads to a bigger beam energy spread induced in the radiation process and, therefore, requires an accelerator with large energy acceptance. Therefore, a linac with one acceleration and one deceleration pass would be a better match to a high efficiency FEL.
When the efficiency q is small, it can be estimated as:
where y is the Lorenz factor, Zp is the peak current and ZA = 17kA is the Alfven current. It follows from (2) that Zp=200A is needed for 1% efficiency. The peak current must be achieved together with a small invariant beam emittance E, I y-=7mm.mrad 
F2F Accelerator-FEL Schemes for Power Beaming
We will now present several options for accelerator-FEL systems for power beaming of emittance, a power density on the photocathode is S80 W/cm*. This is a high but realistic number. A Tisapphire laser operating at 0.84 p will be used for a start up of the system. It will produce -30 ps and -100 pJ pulse in the 4-th harmonic.
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The initial accelerator should be based on low frequency cavities in order to keep beam instabilities and emittance dilution at a minimum. For the same reason special care should be taken for the suppression of high order modes (HOM) excited in the cavity by the beam. The RF cavity developed at LBNL for the PEP-I1 B-factory should meet the above requirements. This cavity operates at 476MHz, has a feedthrough that can withstand up to 500 kW of the RF power, provides the energy gain of 1 MeV per cavity, and withstands the power deposition on the walls up to 150 kW. It is also equipped with sophisticated high order mode suppressers [7] . Twentysix such cavities were manufactured and installed in two rings of the B-factory, where they will eventually work at more than 2 A of the average current and more than 100 A of the peak current.
Another feature that also can be common for all power beaming installations is the possibility of operating FEL in the amplifier mode and eliminating an optical resonator. Indeed, with so much power available, a fraction of the FEL output can be taken back to the input of the FEL to provide energy modulation and microbunching of the next electron bunch. The start-up laser for the photocathode gun can also be used for a start up of the FEL. About 300 pJ in the laser pulse would be sufficient to ignite the radiation.
In view of the substantial role that a start-up laser plays in the power beaming schemes, the fact that a fraction of the output power will be used to keep the facility running, and the fact that the FEL is used in the regenerative amplifier mode, we have chosen to call the concept discussed in this paper the Ignited Feedback Regenerative Amplifier (IFRA) [SI. We now discuss a few IFRA scenarios.
IFRA High Energy Options
Here we consider two schemes illustrated by Fig. 1 and Fig. 2 .
In the frrst scheme the RF gun produces electrons at 6 MeV, and the F W Both schemes can be more efficient in terms of the wall plug power if superconducting cavities are used in the main accelerator instead of in the room temperature cavities. However, the microtron recuperator in Fig. 2 receives less benefit.
So far we have dealt with the low efficiency of power conversion from the electron beam to the light. We did this intentionally, assuming that the low efficiency FELs allow easy handling of the radioactivity problem. However, it is known that a FEL with long tapered undulators can work with up to 40% efficiency [12] . Moreover, a technique is proposed [13] where high efficiency can be reached without a substantial effect on the beam energy spread.
This technique is particularly well suited for the power-beaming FEL because it requires a strong electromagnetic field in the undulator co-propagating with the electron beam. In a case of power beaming, such a field can always be obtained by using a fraction of the output power. Therefore, we reserve a high efficiency option as the future upgrade from. a low efficiency option, once the particle loss mechanisms are better understood. Then, with q=lO%, 2 MW of optical power may be generated by the same electron beam current. Alternatively, the same 200 kW can be generated, but with ten times less current and therefore at reduced radioactivity. In the latter case, the use of superconducting technology can be justified, since the average electron beam current is only 30 mA.
IFRA Low Energy Option
If the high energy option for power beaming cannot work because of the difficulty in solving the radioactivity problem, then the only option is to work with an electron energy below 10 MeV. The difficulty of the energy being too low for a 0.84 pm FEL with a magnetostatic undulator can be solved by using the two-stage FEL approach [2] . It is illustrated in Fig. 3 , In this paper, we have discussed critical issues and several options for building a 200 kW power FEL for power beaming application. It is true that no FELs have been operated with such a high power level. However, the IFRA concept discussed in this paper appears to be quite realistic in solving the main difficulty in generating high brightness electron beams and efficient FEL interaction. All schemes discussed in this article have almost identical initial accelerators which we propose to build based on well-developed B-factory RF structures.
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